INTRODUCTION
Mutations play an important role in carcinogenesis either by activating silent oncogenes or by eliminating the activity of tumour suppressor genes. While the first process is mediated by point mutations, the latter can also be brought about by larger deletions 1, 2) . Many oncogenes are also activated by translocations which occur by a mechanism similar to that which results in deletions. The quantitative evaluation of mutation induction by heavy charged particles can thus help to delineate the risk by space radiation. The study of mutations induced by heavy charged particles is furthermore of great scientific interest because it can be hoped to delineate the relations between the physical pattern of energy deposition and the structure of genetic alterations at the molecular level. The advent of powerful techniques of molecular biology and cytogenetics opens up a realistic perspective to approach this ambitious goal in the not-too-far future.
Mutation induction by heavy ions was in the beginning restricted to micro-organisms and sometimes to plants. Although these studies were of great value at the time interest has now shifted virtually entirely to mammalian cells. This part will be reviewed in more detail below, the earlier work is only briefly summarised:
Bacteria and bacterial spores were investigated by the groups at DLR, Cologne 3) (later in cooperation with S.
Kozubek, Brno) 4, 5) using the GSI-accelerator in Darmstadt and by the Dubna group applying the machine at site 6, 7) . A combined analysis of all data was attempted later 8) .
Yeast work with heavy ions was pioneered by R. Mortimer and coworkers in Berkeley 9, 10) and later taken up by our group in Giessen in cooperation with GSI 11, 12) . Generally it was found in both bacteria and yeast that mutation induction efficiency per particle (induction cross section) increased with LET approaching some saturation beyond about 200 keV/µm. With very heavy ions there was no longer a unique dependency, and ion energy related "hooks" could be seen as originally suggested by R. Katz 13) . The effects on plants were reviewed by T. Yang and colleagues 14) who performed also the most important experiments.
MUTATION INDUCTION IN MAMMALIAN CELLS
There are essentially three approaches to study mutation induction by ionising radiations in mammalian cells. the HPRT-system, the TK6-system and the S1-loci in hamsterhuman hybrid cells. A fourth method, namely induced ouabain resistance which as been proven to be very useful with chemicals and UV mutagenesis seems not to work with ionising radiations. To explain this failure it is generally assumed that small point mutations which are required for the acquisition of ouabaian resistance are not formed in this case. This has been taken as indirect evidence that ionising radiation leads mainly to deletions.
The first systematic investigations of mutation induction by radiations of different LET were performed by Thacker, Cox, Goodhead and colleagues in 1979/80 [15] [16] [17] [18] . They used the HPRT-assay and were able to show that the mutation induction cross sections increased with LET and that the RBE for mutation induction were always higher than for cell killing. These findings were generally supported in all later studies. Our group in Giessen performed systematic studies with heavy ions, first at lower energies by using the UNILAC accelerator at GSI (Darmstadt) 19) . Later the experiments could be extended to higher energies 20, 21) . In all cases 6-Thioguanine resistance in V79 Chinese hamster cells was investigated. The results have been summarised elsewhere 22) and only the main conclusions are given here: Mutation induction cross sections increase non-linearly with LET in the initial part approaching saturation around 200-400 keV/ µm. RBE values for mutations always surpass those for cell inactivation, approaching maximum values around 25. A semi-empirical expression has been suggested for the dependence of induction cross sections on LET which has the form
where σm stands for the mutation induction cross section, σο is the "saturation cross section" (both in 10 -4 µm 2 ) and L stands for LET in the usual unit keV/µm. This formula neglects variations in the data mirroring influences of ion energy and may be useful to estimate the effectiveness of mutant formation by heavy charged particles. Using the expression above also RBE-estimates can be derived and compared to the quality factor values of ICRP 23) .
This comparison is depicted in Fig. 1 . It is seen that the differences are minor for the LET-region below the maximum but the decline at higher LET-values is substantially faster for the experimental curve compared to the ICRPexpression. Although the data may be useful their meaning should not be overstated: The approach used is quite artificial and far away from the situation in the human body. Its value lies certainly more in the study of basic mechanism of mutation induction than in direct application to radiation protection. But even in this respect the HPRT-system is limited. Since it records all events leading to the inactivation of the enzyme minor alterations may be overlooked and larger deletions unduly emphasised. It must also be noted that induction cross sections vary with cell type 24) making a simple interpretation difficult and indicating that target size is not the only relevant parameter. Another useful and popular assay makes use of the allosomic TK (thymidine kinase)-locus where mutations cause resistance to trifluorothymidine. Its application, however, requires cells where the TK-gene is inactive at one of the two allels. Because of this virtually all studies with this system were performed in the human lymphoblastoid TK6 line or derivatives. Generally speaking the appearance of two inactive TK-loci may be described as a loss of heterozygosity (LOH) irrespective of the underlying mechanism. It may occur by a straight-forward inactivation of the gene or by some kind of recombinational event between the two allels. The system offers, therefore, in combination with molecular analyses (see below) the potential of studying a wider scope of events related to mutagenesis in mammalian systems. In the TK6 assay two kinds of mutants are found differing in the speed of their growth. It has also been shown that the sion, are considerably more sensitive for radiation-induced mutation induction than the "wildtype" TK6 although their sensitivity in terms of killing is largely the same. This may be due to differences in molecular mechanisms as discussed further below. The HPRT-and the TK-system do not only differ in dose dependence for mutation induction with X-or gamma rays what could be explained by different target sizes (whose significance, however, may be doubtful anyway, see above) but also with regard to LET-dependence: While the induction cross section for thioguanine resistance reaches a saturation value which remains fairly constant for high LET that for the TK-locus peaks around 60 keV/µm and declines again beyond this value 24) .
The human-hamster hybrid AL cells originally introduced by Waldren and Puck 26) constitute a very interesting and promising system for mutation research. They are hamster cells containing one human chromosome containing the information for surface markers (S1-loci). If they are expressed the cells are killed by complement (a constituent of the immune system) so that mutants can be easily selected. As the additional chromosome does not contain vital information for the host cell (this is not entirely true as demonstrated later but this problem may be overcome by a new derivative 27) ) mutation induction can be studied without the complication that genes essential for survival are inactivated at the same time. That this is in fact the case was shown by investigating mutations at the HPRT-and the S1-loci at the same time. Mutants yields were much larger in the latter case. The AL-cells are thus of great potential, unfortunately there are so far only few investigations with heavy ions. In a comparison of 137 Cs gamma-rays and 600 MeV/u Fe-ions.
RBE values were comparable for S1 and HPRT (about1.6) but the ions induced many more complex mutations than gamma-rays.
MOLECULAR STUDIES
There is the general notion that ionising radiations cause mainly larger deletions and only few, if any, point mutations 28) . The molecular structure can now be studied in better detail by applying the polymerase chain reaction (PCR). Its availability has led to a large number of papers, but mainly restricted to sparsely ionising radiation and also alpha particles (see Ref. 29) for a summary until 1998). Not so many are concerned with heavy ions but there is an increasing trend. The first systematic investigation with carbon ions spanning a wide range of energies and LET was performed by the group of Yatagai 30, 31) yielding somewhat surprising results: While at lower LET the fraction of large deletions increased they were completely absent at 230 keV/ µm, the highest value investigated. We found a similar tendency with Ni-ions (Schmidt, Koch and Kiefer, unpublished) pointing to the possibility that with densely ionising radiations the deletions introduced are not compatible with survival because also vital genes are destroyed. It would be very interesting to study the same radiation quality in ALcells where this problem should not exist.
Although it seems true that with increasing LET the fraction of larger deletions is also higher (with the just mentioned exception of very high values) there is always a substantial proportion of mutants with no apparent loss of exons (colloquially termed "wild type pattern"). These cell may represent true point mutations or harbour deletions too small to be detected by the technique applied but they may also have break points in intron regions leading to irregular gene products although the exon information is still intact, e. g. vie splicing errors as suggested by Kagawa et al. 31) .
Another possibility would be that part of the gene is translocated to another chromosome with the breakpoint somewhere between the exons. PCR analysis of exons would in this case show no loss but no functional gene product could be synthesised. In order to explore this possibility we investigated HPRT-mutants in human cells with a specific probe for the q-arm of the x-chromosome by fluorescence-in-situhybridisation (FISH). Preliminary results for X-or gammarays showed a surprisingly small fraction of translocations (Pils, Witzenberger and Kiefer, unpublished) making this explanation rather unlikely. It is thus concluded, at least for our system, that X-or gamma-rays may induce also a nonnegligible number of small deletions or even true point mutations 32) . A final answer can only be given by sequencing of mutant genes. There seems to be, however, a characteristic difference in exonic PCR patterns between sparsely and densely ionising radiations, namely the appearance of "non-contiguous" deletions 29, 32) . In this case (sometimes also called "jumping deletions") undeleted exons are found between deleted ones, indicating multiple breakpoints in the gene. This has never been found with X-rays or UV and very rarely in background mutants. They seem to constitute something like a "signature" of high LET radiation. The study of LOH in TK mutagenesis offers interesting possibilities to elucidate how genomic stability is maintained. It has been shown that not only non-homologous endjoining of DNA double strand breaks contributes to mutation induction as suggested by Morimoto at al 33) but also homologous recombination may play an important role depending strongly on the anti-apoptotic BCL-x(L)-gene 34) Particularly in the AL-cells it can also be investigated how far deletions extend beyond the mutated gene locus by looking at flanking markers. It was shown that radiationinduced chromosomal loss can be millions of base pairs 35) 
CONCLUSIONS
This short summary presented some of the salient features of mutation induction by heavy charged particles in an admittedly personal view.. Comprehensiveness was not intended and also not possible with the space provide. The issue at stake is truly a complex phenomenon. There is no doubt that RBE for mutation induction increases with LET, at least below about 100-200 keV/µm. The molecular pattern of the genetic changes induced is somewhat puzzling. Both, very large deletions as well as very small changes not detectable by present PCR techniques are found. Whether they include even true point mutations cannot be decided for the time being and must await a complete sequencing of the coding regions. Studies of this kind present not only fascinating experimental challenges but they offer in principle also the possibility to bridge the gap between the physics of energy deposition and the loss of biological function. Recent results make it quite clear that there is no simple one-way relationship between initial lesions and the ultimate structure of mutations but that repair processes intervene in a modulating manner. This situation presents also a challenge to theoreticians. If in the end mutation induction by charged particles can be completely be described this would be the most rational approach to risk estimation. Although there are already quite a few attempts to reach this goal (see Refs. e.g. [36] [37] [38] )there is still a long but rewarding way to go.
